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Outline

e Neutrino oscillations
 The T2K Experiment

* Long-baseline oscillation analyses

— v, disappearance

 Study of bias from multinucleon interactions
— V, appearance
— joint fit
* Potential future sensititivty
* Short-baseline oscillation analysis

— v, disappearance to a sterile neutrino
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Neutrino Oscillations

 Interact in weak eigenstates (e, u, 7)

— Created and detected in association with the
charged lepton

* Propagate in mass eigenstates (1, 2, 3)

— Phase difference accumulate as they travel,
changing the mass and flavor mixture
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Neutrino Oscillations

* With only 2 neutrinos, the oscillation formula

P(Vo — Va)

is simple:

Plvga > vy) =1 —

sin”(26)
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Flavor

The PMNS Mixing Matrix

“solar” “reactor” “atmospheric”
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The PMNS Mixing Matrix

“solar” “reactor” “atmospheric”
A\ ( i \ \
. e ¢, S, 0 Ci3 0 s o 1 O 0 / Vi =
S| Ve |7 2 2 0 0 1 0 0 cpy 5, v, |2
Tl 0 0 1 \—swe”S 0 ay Jl 0 =5 cn | s
]
Vs A
3 Angles: 015 013, 054

2
m
“" 1 Phase:

v, —i A2 2 Mass splittings: Am?,,, Am?,,
v, Mol
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The PMNS Mixing Matrix

“solar” “reactor” “atmospheric”
A\ ( i \
. e ¢, S, 0 Ci3 0 s o 1 O 0 / Vi
S| Ve |7 2 2 0 0 1 0 0 cpy 5, v,
L i
’VT ) \ 0 0 1 / \ _S13e 0 C13 \ 0 —S23 C23 V3
T [ I I
Vs A V2 I Am’
v, sol
1 A
2
An/latm )
A’/natm

1% —i
2 2
Am v
I
Vv, I sol vV,

The “mass hierarchy,” or sign of the
Alex Himmel atmospheric Am?, is also unknown.
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Flavor

Osci

“solar”

llation PhyS|cs at T2K

“atmospheric”
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Long Baseline

@ v, Disappearance: 6,3, |Am* |
i - v,—V, Appearance: 0,3, Ocp




Oscillation Physics at T2K

o )
1% V2
H — UPMNS Usterile

oy oy

Flavor
SSe|A

) Short Baseline
Amy,
v, Disappearance to a sterile
V3 _]v neutrino: Am243, Sinz(zeee)
A’/nztm
V., I 2
Y, Am,
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The T2K Experiment
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INGRID

295 km
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J-PARC Neutrino Beam

Graphite Target
3 Focusing Horns

Dump [| Monitors

H+ OA 0.0°

On-axis = 0OA2.5°

Ty
M
L

2.5° off-axis angle _ -
— Peak at the E:J i
atmospheric = b
oscillation minimum £ . 05
— Fewer backgrounds o i
from high energy tail
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Accumulated # of Protons

Accumulated POT

Total Accumulated POT for Physics
v-Mode Beam Power
V-Mode Beam Power
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Near Detectors
INGRID

— On-axis
— Beam monitoring

e



Near Detectors

— 2.5° off-axis
— Measure spectrum

and composition
before oscillations
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INGRID

* Alternating planes of
iron and plastic
scintillator

* Measures beam intensity
and direction over time.

§ [ Horizonta] beam direction | |

|§| 0-5__ | | | 1

E_Li I I »—I—E N F}-i e : £ :
o T - | :
0.5 an 5 i 3
_ 15 : h——t +— : : |NGR|D : : —
8 I Vertical beam directign D+ ! E
.E. 0'5:_ : o l—— MUMON ! ]
o:J~l f b R — e -
-0.5F . : : | T2K Runs ]
- T2K Run1 ' T2K Run2 'T2K Run3 ! T2K Rund ' May.2014 1
Alex Himme ; F Jan.2010-Jun.2010 ; Nov.2010-Mar.2011 iMar.2012-Jun.2012,  Oct.2012-May.2013 1 -Jun.2014

Day
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ND280 Detector Components

 UA1 Magnet

— 0.2 T field

— Reconstruct p and q

— Embedded muon detectors

Barrel ECAL

N i

Alex Himmel
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ND280 Detector Components

* Fine-grained detectors (FGDs)

— Active neutrino interaction targets
— FGD1 - scintillator (Carbon)
— FGD?2 - scintillator and water

SMRD
UA1 Magnet Yoke

— N\ \
POD
e (n0- (|Downstream Q

W’ s o~

olenoid Coil —— 7 =l

Gy
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ND280 Detector Components

* Time Projection Chambers (TPCs)
Ut Magnetvore — Argon gas detectors

— Measure p (10% @1 GeV) and
charge sign

— PID with good e/u separation

POD
(mo-

detector
) Outer wall

E.B

directions Inner wall and

field cage

___ Micromegas
detector

. Frontend
cards

Central cathode

Central
_ cathode HV
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ND280 Detector Components

* Electromagnetic Calorimeters (Ecals)

SMRD
UA1 Magnet Yoke

— PID and Reconstruction for exiting

! !.\\ particles
i

il ND ream
(o-
V Beam W] S

Solenoid Coi

Barrel ECAL
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ND280 Detector Components
» 10 Detector (P@D)

— Specialized detector for NCm?
backgrounds with removable water
targets

SMRD

UA1 Magnet Yoke

Upstream Water Target Central ECal

POD
(mo- Downstream

detector) | ECAL

‘ Wavelength-shifting Fiber
? Scintillator
Barrel ECAL : Wit
‘ Brass
Light-tight Cover

Lead
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Inner

Detector §
40% coverage |

Outer

Detector
1% coverage

SK Detector

50 ktonne (22.5 ktonne fiducial)
water Cherenkov detector

1 km underneath Ikenoyama,
near Kamioka, Japan

Can reconstruct neutrino
energy with CCQE kinematics

— Reco. p and 6 from beam

e/u

m? — mi, — mg -+ Qm%,Eg

B, =72

2(mn/ — E@ + Py COS Hbeam)

fzeialti My = My, — Ly

Alex Himmel
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Long-baseline Analyses

c T T T | E3000_-'"'[""[""]‘"’l""l""I""I""I""I""—

- s ] F 9
% 10 §;P’ 3 E 2500;_ — MC NEUT nominal _i §70;— —;
S 5 N u _ ) - ——— MC Post-fit E = 60:_ _:
= 10 % E 5 2000F : E 3
N ’ 2 : 750 =
g 104 2 1500 0405
2 1000 T
g 10 = 3
S 200 20E
é 107 v 19 105— =

L I i S S
0 2 4 6 8 10 g "0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 % 1 2 3 4 >5
E, (GeV) Muon momentum [MeV/c] Reconstructed v Energy (GeV)

/ ~ \

ND280, Super-K
INGRID

295 km
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Long-baseline Analyses

* Use v, data from the near detectors to predict
the spectrum at SK without oscillations

* Compare with SK v data:

Am?IL
P(vy, — v,) = 1 — (cos” 614sin® 203/ + sin” O3 sin® 20,3) sin” < 477]; )

* Compare with SKv, data:

Am2,L 412G rn E
P(v, — v.) = sin? Oa3/sin® 20, 3/sin> 52 1 (1 —2sin%4
(v, — Ve) = sin” fag/sin” 26, 3/sin ( iE, + Am2, ( sin 13)

Am%lL)

Ama, L
— §in 2015 sin 2623 sin 26,3 cos 614 sin dkin? in®
S 2012 SIN 2023 SIN 20713 COS Uy " (%E;K> - ( 4L,

Alex Himmel CP violation Matter Effects > MH?25



Predicting the SK Spectrum

Flux Model

Flux Constraints
NA61/SHINE etc.

S ]
- Kaon Tuning
Int. Rate Tuning [ttt |
Total Tuning g=2=4°

L 1 L L
222222

Cross Section Model

Ve [CCQE] €

W+

Alex Himmel
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cos 0

Xsec Constraints
M1n1BooNE etc
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Beam Modeling and Constraint

. . oy L DL AL B B
Simulate the beam with: S 10° v, |
. . . B PRD 87 (2013) s |
_ \v
Fluka in target, Geant3 in beamline % 0%l 012001 N
S
Q
Components: 2 10°F
— v
0) 0) a
93% v, 6%V, g 10°
1%v, 01%v, M
E::s 10
Reweight hadronic interactions and mt/ it
. : 0 2 4 6 8 10
K production with external data E, (GeV)
— Reweight in target (C) and horns (Al) ey 10
— Primary source is NA61/SHINE at CERN ~ °* 7" Phase Space | /|8
« Same beam energy and carbon target [ ]NA61 Coverage 6
— Other sources for aluminum ] g
interactions 2 184 3’
[1] N. Abgrall et al. (NA61/SHINE Collaboration), Phys. Rev. C 84, 034604 (2011) . - - 2
[2] N. Abgrall et al. (NA61/SHINE Collaboration), Phys. Rev. C 85, 035210 (2012) i
[3] T. Eichten et al, Nucl. Phys. B 44 (1972) ]
[4]]. V. Allaby et al., Tech. Rep. 70-12 (CERN,1970) I Te!
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Cross Section Simulation and Constraints

NEUT simulation (2012) a0 O
— Initial interaction Vi [CCQE] _

* CCQE, resonant-m, etc. " ’@—'

— Final State nuclear effects

@
"ﬂ"‘

Absbrption

* charge exchange, m absorption,
etc.

Pion Praduction

Parameterize models

. x10™* Error Bands
— Some model parameters like 3 o =L A
M ) pF’ Eb oE 40;_ |- DTotaIUnceﬂaimy
~ [ ) .. = MC Prediction
— Some energy-dependent ow [ .
S = L PRD 83 (2011)
normalizations 301
' : 052007
0

Tune model parameters to
external neutrino data 10

IIIIIIIII

— Primarily MiniBooNE

!

— PRI T SN S S S ST S S ' !
200 400 600 800

M R B T
1000 1200 1400

Alex Himmel Muon Kinetic Energy (MeV)
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Predicting the SK Spectrum

Flux Constraints F|t tO ND280 Vll CC Data

Flux Model
8 3000 '_I LI ] Trorr l TTr T l TTIrTrT I L B I LI ] TrorT l TrrorT ] T T ] T 1T I_'
s . .
— ' z 25005_ —— MC NEUT nominal _f
: % s ——— MC Post-fit B
> 5 2000f =
S 2 - ® Data .
Cross Section Model ) g 1500F -
Ve [CCQE] € Z. E E

1000
. wt Xsec Constraints
4 ] 500
ot o] oot o] ot clmoed o B
S "g e +¢¢¢1¢¢¢¢m¢*¢ﬁ¥”ﬁm*ﬁ¢ . “ r#ﬁ
Y E 8:6 clo il |....|....| }r % ..¢|....+
S 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Muon momentum [MeV/c]
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Selecting CCv,, in ND280

TPC1 TPC2 TPC3

* Require a u" track starting FGD1 FGD2 -
in FGD1 |
A
 PID based on: o
— dE/dx in TPC S
— Ecal cluster geometry . - )

(shower vs. track)

E . \ . « | ™ MC muons
N Sy b Thcdecrons |
* Divide into 3 sub-samples: @ - .. MG plons
_ PR M Dots DATA
Purity L. T
> -
(&)}
CCOm 73% 2 “Heg
()
cClrm 499, e
CCOther 74‘% 0'5-..'..T..l.1..11.“‘1....1....1 ........ 1
500 1000 1500 2000 2500 3000 3500 4000

Alex Himmel p (MeV/c)



ND280 Fit to Constrain Systematics

=1
T
&35()():? lllllll |l||||llll|ll||| IIIIIIII |Il||| IIIIIII o
=] o Q
% 3000
c o

°‘§ 2500F- Data
(5] - .
£ 20— Nominal MC
Z 1500 .

10002— — F|t to ND280

500
U 2 C
% (l)i -Fl -1#! |+ i‘hﬁ:{l—{ff%ﬁ#|ﬁ+#ﬁﬁ: |+|-’-|4=|-+-1-ﬁ4-|‘,-|*1 [ |+|*|ﬁ#|*ﬁ=??: ‘l#l‘:ﬁiﬁ
S 0 01 02 03 04 05 06 07 08 09 1

Muon cos 6

Fit each sub-sample in 2 dimension:

— W momentum and angle

All parameters in fit are systematic
errors

— Flux, cross sections, detector errors

— No ND v, oscillations

Alex Himmel
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S
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]
-
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0-3 " 1000 2000 3000 4000 5000 °
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.EB(X)();"'I """" LN B LR BRI LR |""|"HE
2 2500 =
2™ k1 e Data _
5 2()()(): BB ) _:
£ 10 — Nominal MC

— Fit to ND280 -

.......... B Bl o b Yo St i St A el i

g o gy
5++ *fiiii#li*ﬂf**ﬁ}’l% grfiﬁﬁf y
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
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Flux Systematic Uncertainties

é 0_3__”| — Total | R ]
o 1 0 - 1 5 O/ ﬂ 8 - e Hadronic Interactions
0 e rr O r O n ux 'c;s = —— Proton Beam, Alignment and Off-axis Angle
Q i — — Horn Current & Field
w/ external data Foa MR :

— Hadron production

— Beam alignment

e After fit to v, CC data

— Flux error alone goes
from 12% — 8% at
osc. peak

Fitted Normalization

— Central values shifted
to better fit the data

Alex Himmel
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Cross Section Systematic Uncertainties

 Fitto ND280 v, data
reduces errors correlated
between ND280 and SK

5

&

(84|

— Reduced by a factor 5
Q

of 2 or more g

5

Ay

* Not constrained:
— 52% W-shape
- 3% o(v,)/o(v,)
— 40% o(v)/o(v)
— 30% out of fiducial volume

B 1 I T I T I T 1 T I I 1 T I I T 1 l 1 I 1 I 1 I T I T i
I ]

- —— Before ND280 Fit :
0.8 .

C — After ND280 Fit i
0.6~ (Toy Experiments) ’
0.45 I

- |
0.2 ] '_,_l_—:

g PR P o e v s P o
- o 2L A N o
> ‘*\\:3@ o FFELSESSE %‘o‘&%és'%p‘\
& & VS SO S S S &
O R & C& & c,& F o ITF S
O FEEE TS S

— 49% Final state interactions

Alex Himmel

X-sec Parameter Errors
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Predicting the SK Spectrum

Flux Cons”éi_h? Fit to ND280 VIJ CC Data

Flux Model )
= - .
@S@ % 25002_ —— MC NEUT nominal =
> ks L —— MC Post-fit .
—— g 2000p e Daa E
Cross Section ) E 1500f =
Ve [CCQE] € Z -
1000 =
W H -
" » Xsec Constraints so0C- E
T sl e e o r
E {‘}”‘7 e e eeeeeeeee: 190908 ~
i A o 19 '
N = o4 *'*iiﬁ#**ﬁ#**#ﬁ* #H*#*#ﬂ## #ﬁ iﬂ#ﬁ:
e 3 06h. ..., [ B SV B I B o [
g 0 500 1000 1500 2000 2500 3000 3300 4000 4500 3000

Muon momentum [MeV/c]

Flux and Cross Section

Parameters
Reduced errors, new correlations

=

Fit Parameters
Correlation

ND280 v, SKv, [SKV, v Cross
Flux Flux Flux | Section

Alex Himmel
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Predicting the SK Spectrum

Flux Constraints

Fit to ND280 v, CC Data

3000 T T T e e
2500 - —— MC NEUT nominal _:

o ——— MC Post-fit ]
2000F —

r ® Data ]
1500 =
1000 =

500 =

l 9 e , Muu‘du._zx D@y 190000 ol

04+ **iiiiﬁ*iﬁ**#ﬁ* #Hﬂr‘#* #*H# iﬁ n iﬂ#ﬁ:

(LX) S [PTETET EATRPAT IPAPRTR P EPETIN APRFAT AT BT i LI [
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Muon momentum [MeV/c]

Flux Model @
. 5
vﬁ@ 2
> =
S 3
Cross Section ) §
Ve [CCQE] € Z
wt
Eé;fmj;\i;jk s hied s, <o o] frover, I "; o
~E 2<;I’:'!<+ ‘ —zs}r —zu—‘ 5 2
<
@)
SK Prediction

> E 3

gm0- E

S 6o |

S sob Unoscillated E

2 40F- Oscillated =

% [ R S >

Reconstructed v Energy (GeV)

Fit Parameters

Flux and Cross Section

Parameters
Reduced errors, new correlations

=

Correlation

ND280 v, SKv,
Flux Flux

SKV,| v Cross  ~
Flux | Section

Fit Parameters
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SK Event Selection

, Beam Timing
[ RUNI-3 (3.010x10*’POT)

B RUN4  (3.560x10*°POT)

N
]
T T T

Fiducial Volume

Contained in ID

N
]
T T T T

1 Ring

Number of events/40nsec
S
1 | 1 1

0
-1000 0 1000 2000 3000 4000 5000
AT, (nsec)

* Pre-selections exclude:
— Non-beam events
— Poorly reconstructed events

— Non-QE events
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SK Event Selection

e-like PID Beam Timing u-like PID
Fiducial Volume
Contained in ID
1 Ring
* e-like (%, y) o u-like (u* 7, p)

— scatter and shower — minimume-ionizing

— fuzzy edged ring — sharp edged ring
Atmospheric v

500

<

e-like u-like
400
CCQE CCQE
%% electron muon

200

100

PRRTERT ST ST SRS U ST T U S N AT SN S U AR R |

N P ST -

0 2 4 6_8 10
PID likelihood sub-GeV 1ring



SK Event Selection

e-like PID Beam Timing u-like PID
: Fiducial Volume .
p.>100 MeV/c — p,>200MeV/c
I Contained in ID I

No decay-e Decay-e< 1

‘1’ 1 Ring ‘1’

e Limit decay electrons to et PO et A X
exclude events with : et 0,
invisible *’s _ _
— 1t C threshold: 160 MeV

— e* C threshold: 0.8 MeV

0 1000 2000 3000 4000 5000
Alex Himmel Time (ns) 38




SK Event Selection

Beam Timing

e-like PID

p.> 100 MeV/c

No decay-e

E._ <1250 MeV

l

Alex Himmel

\

Fiducial Volume

Contained in ID

1 Ring

——  u-like PID

p,>200MeV/c

Decay-e< 1

v

20

e —+— RUN1-4 data

(6.570x10™°POT) S lgn al Vv e

I Osc. v, CC
C v, v, CC
vy, CC

1000 2000
Reconstructed v energy (MeV)

_~ primarily at
low energy

Intrinsic v,
A bkgd. primarily
at high energy

3000
39



SK Event Selection

Beam Timing

e-like PID u-like PID
: Fiducial Volume :
p.>100 MeV/c p,>200MeV/c
I Contained in ID I
No decay-e _ Decay-e<1
I 1 Ring
E. .<1250 MeV ‘1'
m-rejection .
v =
<1

Likelihood-based reco.

— Compare e-like and
m-like hypotheses

— Exclude events with
m,, ~ 135 MeV

Alex Himmel

Ly

e-like

100

m,, (MeV)

100 200
m,,, (MeV)
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Number of events /(50 MeV)

SK Event Selection

Beam Timing

e-like PID

p,>100 MeV/c

No decay-e

E._ <1250 MeV

m-rejection

v

Fiducial Volume

ui-like PID

Contained in ID

p,>200 MeV/c

28v, [
Events

—¢— T2K data

Best fit spectrum

77777 Background component

Reconstructed neutrino energy (MeV)

_ Decay-e< 1
1 Ring
v 120 v

) > 16¢ T K
] S 1af Events
7 S L « DATA
3 sl v, +V, CCQE E
] 10— —
E 5 8_ v, v, CC non-QE _
- - o vV, CC E
i 4?— —f
: 2 =

0 P 3 4 -

13
Reconstructed v Energy (GeV)



Systematic Uncertainties

v, Events
ND280-constrfalned flux 3.19%
and cross section
Uncgnstramed Cross 4.79%
section
SK detector efficiency 2.4%
Final or secondary 0
hadronic interactions 2.7%
Total 6.8%

v, Events
ND280-constr.amed flux 270
and cross section
Uncpnstralned Cross 5 0%
section
SK detector efficiency 3.0%
Final or. sc.econdar.y 4.0%
hadronic interactions
Total 7.7%

Flux and cross section would be
> 209% without ND280 constraint

Alex Himmel
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Fit for v, Disappearance

Py, = v,) ~1- ( cos? 0;3/sin” 2093
A 2
—+ SiIl2 (923 Sin2 2(913) Sin2 (%IL)

» Fit for sin“0,, and Am?;,/Am?,, depending on mass
hierarchy

* Take 0,; from reactor constraint

— sin?6,; = 0.0251+£0.0035 at publication
OUBL: —
— (&= (Ecc2 ARENO fiom the PDG, PRD86 010001 (2012, 2013 update)

 Maximal disappearance # maximal mixing

1/2
Sin2 (923 — 2/ = 0.513
Alex Himmel COS 913 43




Fit for v, Disappearance

e S B B~ B R DA L LA AL L LA
870 = !
260; e Data (120 events) 1 = L,y Lyl 11 <1r1 |
— C -] Q - .
S E e E - A ‘ I ]
2 50p — No oscillations 3 5 | | ]
S 40F 4 2 | ]
aF (446 events) 1S .
30F 1 Sl e Data/No osc. |
20F — Best oscillation fit . 5
oF 3 —Best fit/No osc.:
0E ra | e ool 0 ot g b
0 | 2 3 4 >5 0 | 2 3 4 5
Reconstructed v Energy (GeV) Reconstructed v Energy (GeV)
Normal Hierarchy Inverted Hierarchy
sin®fas = 0.5147 9020 sin®fa3 = 0.511 & 0.055

Am3, = (2.51+0.10) x 10 % eV?|| Am?; = (2.48+0.10) x 103 eV?

Alex Himmel 44
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Fit for v, Disappearance

<§4.2f—'"""""'""""""""""""" Most precise
o 4E" Normal Hierarchy meas_ugement
S 380 T2K  68% dashed, 90% solid | Of sin“(6,3)!
L0 SK 90% -
£ 4 MINOS 90% E
3.2:— —:
3;— _;
2.8;— _;
2.6 —
2.4 NN
22F =
) = R P I T T I T N 3
03 035 04 045 05 055 06 065 07
sin*(6,,)

Best fit at maximal disappearance

— Result narrower than sensitivity
by 0.04 in sin?(6,3)
PRL 112 (2014) 181801
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Multinucleon Interactions

U

* Neutrinos may interact with
multiple nucleons

— Looks CCQE, but has different
kinematics

— Potential explanation for
M, = 1.2 GeV instead of 1.0 GeV

J. Nieves et. al., PRC83, 045501 (2011)
J. Sobczyk, PRC86, 015504 (2012)

£ e ] =
fz} : E‘:Ilvl::“:l;‘egx(i)s) 1« Studied potential for bias in our
2 r ‘ 7 result from neglecting
< | 1 multinucleon interactions
- - — Use many fake experiments
i wzfﬁﬁ’%ﬁ/////’//ﬁm N ] with random systematic errors
-1 0.5 0 0.5
Ertco = Eue (GeV)
Our model: Suggested potential for bias in oscillations:

0. Lalakulich and U. Mosel, PRC86, 054606 (2012).
D. Meloni and M. Martini, PLB716, 186 (2012).
P. Coloma, et al, arXiv:1311.4506 (2013).




Events/50 MeV

Effect on SK Spectrum

E T T T T T T T 1T | I I | T TT T T TT E Pé 1,05E | I I | | I I | T T T T T T T 17T T T 17T E
T ) _ = é 1.04 _ —
- — Nieves Multinucleon A S |03k Most of the change is | -
6 : = % F predicted by ND280 fit. | -
- —— Nominal ] g 102 =
3 ERCRTE -
j: Nieves multi-n gives |1 2 ¢ ey ]
L . ] .= [ e =
- few percentincrease |{ = - -
3 . - S 0.99c E
- over nominal - - . -
N: . 0.98| Prediction from ND280 =
- . 0975 —— SK Fake Data =
e E 0.96] =
C 11 1 | 1 - I 11 1 1 | I | | L1 1 1 11 - E | | | | | | L1 1 1 | L1 1 1 I 11 1 1 .
O0 | 2 3 + 5 6 0'950 | 2 3 + 5 6
Energy (GeV) Energy (GeV)
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Bias in Am?

Distribution of Fake Experiments

300 —~
- Nieves -
200 Nominal -
100 < S -
B = total systematic -
B uncertainty ]
53 24 25 %6
AmZ, (107 eV?)
Experiment-by-Experiment Biases
12005— : =
1000[- Mean bias and RMS of biases
800[- both < 1%, small relative to
600~ systematic uncertainty
400 —
200)— : —
= ! A R | 3
| 92 0.1 0 0.1 0.2
AlexHimme AMyin =AM oo (107 eV?) 4



Bias in sin%(0,;)

Distribution of Fake Experiments

600— : ] _

B : Nieves -

B = total systematic i
400 uncertainty Nominal -
200_— |

04 —045 05 055 06 065
sin°0,,

00 Experiment-by-Experiment Biases
10003— .
sooF- RMS (3.6%) is comparable to the

- systematic uncertainty, but small
600— .

= relative to the total error (11%)
400 .
2003— —

O: " | . . . N n N N L i . L . L - N N N | N " :
_ -0.1 -0.05 0 0.05 0.1
Alex Himmel SinzeMum_N ) SinzeNominal 49



Bias in sin%(0,;)

Distribution of Fake Experiments

600— : ] _
B : Nieves -
B = total systematic ’
400 uncertainty Nominal —
5.4 —045 05 055 06 0.65
sin°0,,

00 Experiment-by-Experiment Biases

E' ! | ! ! ! ! | ! ! ! ! 3 ! ! ! ! | ! ! ! ! | ! ! -

Not included as a systematic
in this analysis, but will be
included in future analyses.

RMS (3.6%) is comparable to the
systematic uncertainty, but small

relative to the total error (11%)

200

R 0 0.1 20.05 0 0.05 0.1
ex Himme sin26 - sin%e 50
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Fit for v, Appearance

Am3, L 442G n . E
Py, = ve) = sin? Bo3/sin? 26 5sin? ( 32 ) (1 + Y 2Gay (1 — 2sin? 913)>

A Am3, L
— sin 2015 sin 26053 sin 2013 cos 911112 ( m3zg sin2 ( Z;l )

CP violation Matter Effects - MH

* Approximation shows 2 leading terms
— First gives sensitivity to 0,5, mass hierarchy
— Second gives sensitivity to CP violation

* For the v -only analysis, we constrained 6,,
with the 2013 v, analysis
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Fit for v, Appearance

— Best fit
Background component

 Fitin e momentum St m_
and angle

— Contains same

1

B Best fit 0.8

information as E 0.6
— Helps separate o4
0.2
backgrounds ;e
7500 1000 1500°
Momentum (MeV/c)
No appearance excluded at > 70!
Alex Himmel 52
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Fit for v, Appearance

_ _ °°Uo.5:— —
« Some mild tension - 2 :
[ Am:;,>0
between the large oF o
] B S 68% CL _
appearance signal 0.5F e =
d - : PDG2012 1o range_
an reaCtor —_ _11_‘iii}“""‘"""‘."\:i:::.::::{:::i}i::'—
measurements S
@00.5:— -
* Hints towards :
0 _
Opp X -T0/2 : 2
_0.5'_ Am32<0 ]
R 505 0T 015 03025 03 035 0.4

PRL 112 (2014) 061802 sin“20  ,



JointFitstov, +v,

— v, Sample
Emf_ Vu Sample _ [ 1 e P .
S b —+— DATA = [ o Dat
5?2_ T : 9 Best fit 0.8
;_.:) 40 §_ est-fit XpLC(ﬂllOll with Oscillations —% - 0.6
@D C MC Expectation without Oscillations ] o
30F = I a 0.4
0 E 0.2
105 = i e '
% ! s a s 0 500 1000 1500’
Reconstructed v Energy (GeV) Momentum (MeV/c)
* Likelihood ratio fit of v, and v, samples
* Both Frequentist and Bayesian analyses performed
. . 2
Simultaneous fit for: 5Cp, 913, (923, Am32
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Frequentist and Bayesian Contours

6 3 IIIIIIIIIIIIIIIIIII 'I LT T I TT 11 I TT 11 L 8., 3l_| I | T I\l‘ I I LI B | | | L L T T T 1T 1771 L I_l:

< 3 PRELIMWARY__- 1 < N, :

) ‘_ _: o) N ——=90% Credible Region (IH) 7

N B 90% Credible Region (NH) ]

1 :_ h 1 :_ e  Best Fit Point _:

[ PSRN i .

0:_ \“ — 0__ _-

N v B \ ]

' ': - \ g

-1 / ; E -1 "‘ E

" § ° == Normal Hierarchy B i i

_2 — '.“‘ : Inverted Hierarchy ] _2 :_ !, _:

; : I y PRELIMINARY -

-3—Tllllllllllll‘l\llllllllll'1llllllllllllllr '31_111\11111111 1111]1111]11111111|T
0.06 0.07 0.08 0.09 0.1 0.11 0.12 0..1?; 0.14 0.02 0.025 0.03 0.035 0.04 0.045 0.05

sm'2813 Sin2(el3)

Frequentist confidence intervals Bayesian credible intervals
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Frequentist 6., Constraint

* Now, include the reactor

constraint on 6, ;. " "[ — Normal Herarchy B
< B Inverted Hierarchy
. 6~ —— FC 90 % Ay? (NH)
— sin?(26,,) = 0.095 £ 0.010 T Ros0xaH)

QUEL S 90 % excluded (NH)=
_ émy @ L!}(EN? : [0.146,0.825]
13 ANNNNH13 |
Y 90 % excluded (IH)=
from the PDG, PRD86 010001 ; [-0.080,1.091]3‘[
(2012, 2013 update) af

* Feldman-Cousins used to

1:"
determine confidence J\

intervals for NH and IH 57°_149° 2™

separately.
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Bayesian 6.,, MH, Octant Constraints

&
o
(9

I T T LI I T 1 T T I T T LI | 1 T T I T T T 1

PRELIMINARY 90% Credible Interval

I 68% Credible Interval
Marginal Posterior
v 1D Posterior Mode

* Bayesian analysis

o
S
)
Q

M

can marginalize over

the mass hierarchy 68%

S, Outside 90%
Credible Credible
interval

* Compare

Probability Density per 1t/50

Interval

probabilities of

different hierarchies 3 2 0 1 2 3

and 0,, octants NH IH Sum

sin%(0,5) < 0.5 18% 8% 26%
sin%(8,3) > 0.5 50%  24% | 74%

Sum 68% 32%
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Future Sensitivity

— sin®0,,=0.40 -
10— 1 l T sm29 '0 45 Assumphons
2
0 — s'“29 ;=0.50 + 7.8 x 102! POT
8 — sin‘0 =0 55
- sm2923_0 60 * sin%(26,;) = 0.1 with ultimate
6 23 - reactor precision
5 = « Am?=24x103eV?
4 "—"s~ _: . )
X A, 90% E sin“(0,5) as shown
- RIS R T B * Normal Hierarchy
o o E |
1E ‘.j,' T3, i E * Conservative (2012)
bzt TN PP Sl f y O e S systematic errors, correlated
’150 100 -50 0 S0 100 150 between nu and antinu

Evaluated potential future sensitivity under different
running conditions

— 50% neutrino/50% antineutrino seems to be the optimal mix
under most circumstances
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Future Sensitivity with NOVA

7 1 I 1 14 T T T
ovA —— NOVA ——
NOv B v
v 8 T2K+NOVA 512 T2K+NOVA
. 2 . 2
< 5| s!n2(2913)=0.1 > 10 s!n2(2913)=0.1
c sin“(653)=0.5 'cc) sin“(653)=0.5
@) bt
= 47 1 © 8
T - ‘ o
S ol A A 2 6|
q X/
o 2} ‘ 31 - B oat
O T Rt
NI AN T e
oW NN 0 Lo~
-150 -100 -50 0 50 100 150 -150-100 -50 0 50 100 150
True d¢p True d¢p
* Ajoint analysis with NOvA: e Same assumptions, plus
— Increases significance of the — Choose sin?(6,;) = 0.5
“luckiest” point — 3.6 x 1021 NOvA POT, even split
— Adds sensitivity in O¢p regions — Shown both without (solid) and
where there would be none. with (dashed) systematic errors
Alex Himmel o9
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Short-baseline Analysis

\\‘ T T T T LI \\:
¢ Data =
A E
B [n-FV v, N — X =
[]OOFV v N — nOX
v, other

p—

PRE+LIMINAR(

Flux (/cm?*50MeV/10*'p.o.t)

Alex Himmel
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Three N_eutrinos

2 mass splittings
imply mixing among

3 neutrino flavors
A e

=

=
=
=

©

30

20

10

. ALEPH /3
DELPHI [/ \
L3

OPAL

| # average measurements, //
error bars increased |/
by factor 10 /i

86 88 90 92 94

E_[GeV]

cm

Measurements at LEP tell
us that the Z° couples to
only 3 light neutrinos




v, Appearance at 1 m/MeV?

LSND

— Anti-v, appearance in a
stopped-m beam

— L~30m, E~ 30 MeV ->
Am? ~ 1 eV?

MiniBooNE

— v, and anti-v, appearance,
different beam

— L~500m, E~ 500 MeV

Not consistent with other
oscillation measurements

Alex Himmel

Am? (eV?)

107

1072 b

' Neutrino -~

‘ ~
L I hd

LSND
V,~>V,

MiniBooNE
V>V,

10°°

102

107" 1

sin®20
PRL110,161801 (2013)
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v, Disappearance at 1 m/MeV?

 With 2010 flux calculation,
most short-baseline reactor
experiments have deficits

~ Ry, =0.927 £ 0.023
— L ~10-100 m, E ~ 5 MeV

[S—
[S—

IlIIIIIIIII/IIllIIIIIlII

0.9

observed / no osc. expected

0.8

0.7

— - Am’=044¢V’ sin20 ,=0.13

2 2 .2
— Am =1.75¢eV",sin 2914=0.10

—  Am’=09eV’, sin"20,, = 0.057

Nk
II

&
gey3

Bu

* Lower rate than expected

from radioactive calibration
sources at gallium solar

experiments.

~ Ry, = 0.87 £ 0.05

Alex Himmel

p—
o_"
e}

distance from reactor [m]

1.1 1

1.0 1

Gallex Crl1  SAGECr

0.9

0.8 4

p(measured)/p(predicted)

0.7 1

. _

PRD83, 073006 (2011)

Gallex-(_:rZ SAGE Ar




v, Disappearance at 1 m/MeV?

Reactor v, rate - == °1Cr/37Ar v, rates
low at short g ;:} ---- low at Gallium
distances § {» experiments

. o |
_ \M . '%'lA /
~ & | |
~ 10} eossse S0
N : I B T
1 I 12 :
S -
g .
S | Galllum
{0-1} JHEP 1305 (2013) 050 ; :
95% CL ey
[ . PP | M-l PR
10-3 10-2 10-1
|Uea |

Alex Himmel
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Sterile Nus at ND280

P(ve = v.) = 1 — sin*(20,.) sin” (1.27Amil

Look for v, disappearance in
the T2K beam

- V)

Search for a sterile neutrino ',
signature in the 3+1
framework

P(v

Sensitive above ~2 eV?

Assume no v, disappearance
and no v, appearance
— Equivalentto |U 4[* =0

Alex Himmel

L |m)]

F [MeV]

)

v, Flight Path = 280 m

[ ] v.Flux at ND280

sin®26,, = 0.3 - Amj, = 15¢eV?
sin*20,, =0.3- Amj,=2eV?

llllllllIIlllIlIIIIIIl[ll[llllllllllllllllllllll_

3 35 4

4.5

5
v True Energy (GeV)
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_E;wz = 1 v, Flux Component
S 1 %Vel
N% o ¥\ 1+ The T2K beam has a
g1 1.1% v, component
g — Primarily from u and
0 4 6 év(cevo K decays
101055. _;7T+—>1/,u+%e U, Ve

Flux/(cm*50 MeV-10%! p.o.t)

10°7 oy -~

107:%/&”{ e /% K} — et
‘ ’ 2

Al 1 x cm

A|QX Himmel 2 4 6 8 10 66
E, (GeV)




The v, Sample

Constraint m° background
with y control sample

Select v, CC-like events g 90— —1 v, CCJ
_ _ © 80F  Data =
— Negative e-like track 5 70k v, 3
= B n-FV v, N—alX 3
— V] 8 60F =
No upstream activity 53 = OOFV v, N0 X
=B vy other E

PREI*.IMINARY

— Simultaneous fit to sample of
1 10

conversion Y,S from T[O’S v Reconstructed Energy (GeV)
_ E3 0 T "| y Control
Constrain flux and cross 2250 o Data
. . i — 50
section with ND280 v, sample 5 = OOFV 4N = 70X
H M [ v, other

— Assuming no v, disappearance

1

10
v Reconstructed Energy (GeV)
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Sterile v Fit Results

£ LE) 1.8F ]
S 100[- . = I .
% - | Expected MC § 1.6 Ve CC No Oscillations .
5 80 . Data - s With Oscillations ]
m ] B —

sol PRELIMINARY g } E

N
(=]
T

20f -
SF-PRELIMIN

Small deviation,
- ——1 consistent with no
Reconstructed v|  sterile neutrinos
at the 8% level
Am?2, = 2.05 eV?
sin?(260,.) = 1.00

T T T T T T T

16 T T T T T T T

. | v Control

Expected MC

Data/MC

® Data

lllllllllllllllllll

PRELIMINARY

S0F e
07 ! T | 11.l‘

—_—
]
=)

T T[T T[Tt
k-

lllllllllllllll

0.6]- ~ PRELIMINARY
[ |

10

1 1 10 68
v Reconstructed Energy (GeV) Reconstructed v Energy (GeV)



Sterile v Contours

T2K

N 102 — T T T T L B - z
E = | Excluded E
3 -
- L S e
= % =] "///4///37,//
= 10 o = ;
N O — 45 -
& F 5 S é
< [ ch) Ve'C
- O O
; — e e Ga///um Q
. > L -
10 5 E
- 95% C.L. -
- PRELIMINARY }
10—2 | | | | | | 11 | | | | | | 1 1
107 107! 1
Alex Himmel Submitted to PRD, arXiv:1410.8811 [hep-ex] sin’ 20

Comparison from PRD 86 (2012) 113014
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Antineutrino Data

FCFV Events for RunS - Antineutrino Mode

IIIIIIIIIIIIIIIIIII]IIIII

T | T T T T T T T T T T T T T T

L1 i

N\

10 20 30 40

ol
P=)

Total POT

We are now accumulating
antineutrino data

— 0.5x1020 POT b
— 12 FCFV events so far First SK event from the

antineutrino beam

Look forward to analyses

with antineutrinos soon

4=




Conclusions

We have used a narrow-band off-axis beam to measure three-flavor
neutrino mixing

— Most precise measurement of 8,5, favoring maximal disappearance
— >70 evidence of v, appearance
— First exclusion of a range of 6p: 27°-149° at the 90% C.L. in NH

We have used the ND280 detector to search for short-baseline
oscillations to a sterile neutrino

— Exclude a region of the gallium anomaly at the 95% C.L.

We have taken our first antineutrino data

— With 50% neutrino and 50% antineutrino data at our final exposure we
may be able to see a hint of CP violation at the 90% C.L.

As plans for the future of long-baseline neutrino physics are being
made here at Fermilab, we are taking the first steps
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